Previous studies have shown that a large fraction of the host cell deoxyribonucleic acid (DNA) polymerase I (EC 2.7.7.7) becomes associated with the cell membrane shortly after infection with bacteriophages T4 and T7. The present investigation of the bound enzyme revealed that the polymerase activity can be eluted from the membrane with chelating agents, and that the material thus obtained shows many properties that distinguish it from purified DNA polymerase I. These include its chromatographic behavior, sedimentation rate, sensitivity to anti-DNA polymerase I antiserum, and activity with synthetic and natural DNA primers. Several of these physical and biological parameters were shown to revert slowly during storage to those exhibited by the purified enzyme. Efforts to determine whether the unusual properties of the membrane enzyme resulted from its association with DNA failed to support that possibility. These observations suggest that either the cause or the result of membrane binding of DNA polymerase I is a transient change in conformation or structure of the enzyme, with a resultant change in its enzymatic activity.
Analysis of the mechanism of deoxyribonucleic acid (DNA) replication through the study of purified polymerases has failed to provide insight into many aspects of the replication process. Three DNA polymerases have been purified from Escherichia coli, and their respective structural genes have been identified (2, 10, 11) . Only one of these enzymes, DNA polymerase III, is unambiguously required for replication of the chromosome. Yet many of the enzymatic properties of these proteins are similar. It is possible that one or more of these enzymes normally function together with other proteins in a larger complex structure, and only analysis of this complex will provide clear answers concerning the nature of its components. Several sites on the bacterial chromosome are associated with the cell membrane (3, (13) (14) (15) . These include the origin, the terminus, and the site of replication. DNA polymerases have also been found associated with the membrane (3, 6, 8) , but it is not clear whether the binding of polymerase is the cause or result of DNA binding. Although the three polymerases are aqueous-soluble proteins, DNA polymerase III is most active in low-ionic-strength, low-polar-' Present address: Department of Radiology, University of Chicago, Box 420, Chicago, Ill. 60637. ity solutions. The replication apparatus may thus be bound to the lipid-rich cell membrane.
These considerations prompted us to search for DNA polymerase activity in the membrane preparations and characterize such enzyme. Since the polymerase activity in the membrane of uninfected cells is very low, we preferred to examine the membrane isolated from bacteriophage-infected E. coli cells. Infection of these cells markedly enhances the rate of DNA synthesis, which presumably results from elevated polymerase level. These investigations culminated in the finding that infection of E. coli by bacteriophage T4 results in a striking increase in the membrane binding of DNA polymerase I (8) . The binding is maximal at about 6 min after infection, and therefore may be involved in early events associated with phage DNA replication. Although phage-directed protein synthesis is required to observe this phenomenon, it appears to be dispensable for the growth of wild-type phage, as we do not observe it after T4 infection of a DNA polymerase I-defective mutant of E. coli. Conversely, recent experiments with small variants of phage T4 do suggest a role for the polA gene product (12) . Furthermore, enhanced membrane binding is not restricted to T4 infections. Phage T7 shows a similar phenomenon, and a specific region of the genome of that phage was shown to be required for binding (8) .
The present investigation provides further evidence that the enzyme bound after phage infection is host DNA polymerase I. When freshly isolated from the membrane, however, it shows many properties that distinguish it from soluble polymerase I. These results suggest that components of a replication apparatus may possess properties not usually associated with the purified enzymes. MATERIALS The dialyzate was centrifuged at 1,500 x g for 25 min. The supernatant was collected, and the pellet was washed once with 0.05 M Tris-hydrochloride, pH 7.4. The washing and the supernatant were combined (low-speed supernatant). The combined fluid was then centrifuged for 60 min at 54,000 x g and the supernatant was saved (high-speed supernatant).
Protamine sulfate fractionation. To 150 ml of the high-speed supernatant, 4.5 ml of 0.2% protamine sulfate solution was added dropwise with stirring, and the mixture was allowed to stand for 5 min. The precipitate was removed by centrifugation at 2,300 x g for 10 min and the supernatant was saved (protamine supernatant). About 150 ml of protamine supernatant was concentrated to 18 ml by vacuum dialysis against 4 The rate of incorporation of deoxytriphosphates into DNA was measured after counting the acid-precipitable radioactivity in a scintillation spectrometer. One unit of enzyme is equal to the amount of protein that incorporates 1 nmol of radioactive nucleotide into DNA in 20 min under the assay conditions. Sedimentation of enzyme. The sedimentation rates were measured by the method described by Martin and Ames (9) . An enzyme fraction (0.5 ml) was layered onto 4.5 ml of a 5 to 20% linear sucrose gradient containing 0.01 M Tris-hydrochloride, pH 7.4-0.001 M dithiothreitol and centrifuged in Spinco rotor SW39 at 38,000 rpm for 21 h at 3 C. The gradient was fractionated and assayed for enzyme activity. Protein concentration was determined by the method of Lowry et al. (7) .
RESULTS
Purification of the enzyme. The membrane polymerase has been purified about 200-fold starting from membrane preparations from T4-infected E. coli B cells ( Table 1 ). The membrane was isolated from cells infected for a period of 5 min. At this time, membrane DNA polymerase activity had attained its maximum level (8) . The recovery of the Sephadex-purified enzyme was about 30%. The activity of the partially purified enzyme was stable at 0 to 3 C for several weeks. However, as described below, the enzyme showed a progressive alteration of several of the properties that we exam- The IJEAE-cellulose fraction was obtained from the protamine supernatant as described in the legend to Fig. 1 . The Sephadex G-200 fraction was also derived directly from the protamine supernatant, by the procedure described in Materials and Methods.
ined, and these closely approached those of host DNA polymerase I. The results suggest that the membrane enzyme is an altered form of DNA polymerase I, and support our previous genetic studies that showed that mutation in the polA gene of the host cell prevented the increase in membrane polymerase activity after both T4 and T7 infections (8) .
Chromatography of the enzyme on DEAEcellulose. The protamine sulfate supernatant was fractionated on a diethylaminoethyl (DEAE)-cellulose column. The enzyme activity resolved into two peaks during stepwise chromatography (Fig. 1A) . The major activity eluted with 0.15 M phosphate buffer, and a minor peak of activity eluted with 0.5 M buffer. When fractions from the major peak were tested for sensitivity to anti-DNA polymerase I antiserum, they showed approximately 20% inhibition (Table 2 ). In contrast, the activity of the minor peak appeared to be two to four times more sensitive to the antiserum than the major peak. The early fractions eluted with 0.5 M buffer were less sensitive, presumably as a result of contamination with the resistant major activity. When a portion of the major peak was rechromatographed after 9 days of storage in its elution buffer at 0 to 3 C, almost all the activity was eluted with 0.5 M phosphate buffer (Fig.  1B) . Table 2 shows that the activity in these fractions now showed about 88% inhibition by antiserum.
It was possible that protection of the activity of the fresh enzyme from antibody inhibition could have resulted from the binding of DNA carried from the membrane during the purification steps. We therefore tested whether exogenous DNA had such an effect on DNA polymerase I. The result (Fig. 2) indicates that DNA, at Elution pattern offresh (A) and aged (B) enzyme preparation from a DEAE-cellulose column. About 100 ml offresh protamine sulfate supernatant fraction was loaded onto a DEAE-cellulose column (1 by 18 cm). The enzyme was eluted stepwise with increasing concentrations of phosphate buffer, pH 72, at a rate of 0.75 ml/min. Ten milliliters of a pooled sample of fractions 21 to 24 from (A) was rechromatographed after storing for 9 days in ice (B).
40 ug, did not greatly protect the purified enzyme from inhibition by specific antiserum, and not at all under the conditions of our experiments.
Sedimentation of fresh and stored DEAEcellulose fraction. The alteration of the immunological and chromatographic properties of the enzyme preparation suggested that a significant physical change of the enzyme structure had occurred. We therefore examined another physical parameter of the activity-its sedimentation rate during storage. The activity of a fresh DEAE-cellulose fraction was found to sediment about 12% faster than the aged enzyme. The sedimentation coefficients of the two frac- The protamine sulfate supernatant was fractionated as described in the legend to Fig. 1 (Table 3) . Thus, the higher S value of the fresh enzyme changed during aging to 5.4S, which is (Fig. 3 ). High dG:dC template activity was also observed with a fresh DEAE fraction. This activity also declined to a value comparable to that of DNA polymerase I during subsequent aging. These results again demonstrate that the DNA polymerase was released from the membrane in a modified form, in this case with regard to an enzymatic parameter, and that it reverted to its original form during storage.
To determine whether this difference between the fresh membrane enzyme and DNA polymerase I could be ascribed to the presence of bound or contaminating DNA, the activities for DNA polymerase I were assayed in the presence and absence of exogenous DNA. The re-J. BACTERIOL. Change in the ratio of the prim ciencies of poly(dG:dC) to poly(dA:T) wit) tially purified membrane DNA polymerase tion. The active fractions from a Sephade column were pooled, stored in ice, and as. various times. The activity with the synthe mers (0.16 optical density units at 260 nm ml of reaction) was assayed using appropric of labeled and unlabeled deoxytriphospha activity ratio obtained with E. coli DNA poly is also shown (filled square). sults are shown in Table 4 . In this expE the ratio of activities of DNA polym with dG:dC and dA:T was 0.29. The prec 33 ,ug of E. coli DNA per ml caused an tion of both activities, apparently bec competition for enzyme by the added However, the two activities were not affected, and the dG:dC/dA:T ratio was I to 0.06. Thus, the presence of DNA str lowered rather than raised this ratio, conclude that the high dG:dC activity membrane enzyme probably is not due taminating DNA. Specificity for the substrate. We probed the nature of this altered bi specificity of the freshly prepared Sephi 200 enzyme in a reaction mixture contai:
DNA primer rather than synthetic p( (Fig. 4) (Fig. 4B) .
When these reaction mixtures were completed by addition of the missing pair of nucleotides, further differences in the effects of the substrates and between the two enzyme sources could be seen. Figure 4A shows that when dATP and TTP were added near termination of the reaction between the membrane enzyme with dCTP and dGTP, incorporation resumed immediately and extensively. By contrast, addition of dCTP and dGTP to complete the reaction between the membrane enzyme and dATP and TTP resulted in less than one-tenth the total incorporation of labeled nucleotide ( Fig.   12-4A ). Comparable results were obtained when 12 DNA from E. coli was substituted for T4 DNA.
These observations suggest that guanine-cyto-,ing effi-sine-containing sequences in both synthetic h a par-and natural primers act as special sites for preparabinding or synthesis by the membrane enzyme.
G-200
When purified DNA polymerase I was tested in therefore requires an exogenous supply of DNA. This experiment showed an additional property of the system. When DNA was added back to the reaction at 8 min, incorporation failed to be stimulated. When the same reaction mixture was completed by addition of dATP and TTP, only low-level incorporation was observed. Thus, preincubation of the membrane enzyme in the absence of exogenous DNA for only 8 min caused it to lose its original properties and to revert to those shown by DNA polymerase I. DISCUSSION A DNA polymerase has been partially purified from membrane preparations from T4-infected E. coli B cells. Several properties of this enzyme were found to differ from those of host DNA polymerase I. However, the enzyme preparation showed a progressive loss of these altered properties with concomitant indication of its relationship to DNA polymerase I. Thus, although the freshly prepared membrane enzyme was relatively insensitive to anti-DNA polymerase I antiserum, the aged preparation was almost completely sensitive. Concomitant with this change in antiserum sensitivity was an alteration of the chromatographic properties of the membrane enzyme. In addition, the aged preparation showed a sedimentation rate like that of DNA polymerase I, although the fresh enzyme sedimented about 12% faster.
Release of the enzyme with chelating agents permits its isolation in a transiently altered form, perhaps reflecting the nature of its association with the membrane. Its new properties are compatible with either a change in its conformation or its binding with an additional component. It was also observed that the freshly prepared membrane DNA polymerase eluted ahead of an aged preparation from a Sephadex G-200 column (unpublished observation). This result suggested that the observed increase in the sedimentation coefficient of the fresh enzyme was not due to conformational change of the protein to a more compact form, since this would result in the elution of the fresh polymerase activity later than the aged one from a gel-permeation column. Instead, addition of macromolecule to the host enzyme may cause the observed increase in the sedimentation rate as well as earlier elution from the Sephadex column. We have previously observed (8) that protein synthesis and an early segment of the phage T7 genome as well as the host polA gene are essential for the association of DNA polymerase activity with the membrane. These observations, taken together with results presented in this communication, strongly suggest that the host DNA polymerase I undergoes a bacteriophage-directed modification after infection.
The physical change of the molecule is especially interesting in view of the simultaneous change in its biological properties. Thus, the freshly prepared membrane enzyme showed a striking preference for synthesis with the homopolymer, dG:dC. In contrast, DNA polymerase I is relatively inactive with this primer. This result suggested that the altered membrane enzyme might show a similar specificity on natural DNAs. This was tested in reaction mixtures containing E. coli DNA or T4 DNA and only one of the two pairs of complementary nucleoside triphosphates. Indeed, the membrane enzyme was significantly more active for the incorporation of dCTP-dGTP than was purified DNA polymerase I, or than it was for the incorporation of dATP-TTP. Furthermore, this initial incorporation of dCTP-dGTP was translated into a greater total incorporation on addition of the remaining two nucleoside triphosphates. The preference of the membrane enzyme for poly(dG:dC) over poly(dA:T) was another property of the preparation that gradually changed with time and approached that found for DNA polymerase I.
The nature of the modification is not yet known. Some of the altered properties of the enzyme may have resulted from association with DNA. However, efforts to duplicate some of the properties of the membrane enzyme using purified DNA and DNA polymerase I failed to provide support for this possibility. The distribution pattern of the polymerase activity was also studied in different fractions of the uninfected cells. It was found that only 5% of the total cellular DNA polymerase activity was associated with the uninfected cell membrane (8) . In contrast, infection of E. coli by phage transiently diverts about 60% of the soluble polymerase activity to the cell membrane. Furthermore, in a reconstruction experiment about 5% of exogenous DNA polymerase 1 was found to be occluded in the membrane when added during its isolation from T4-infected E. coli polAl cells (8) . These experiments suggest that almost all of the DNA polymerase 1 activity of the uninfected cell is present in the cytoplasm.
The residual polymerase activity, therefore results from nonspecific association of soluble protein with the membrane.
The binding of DNA polymerase is an early, phage-directed event in the course of infection by T4 and T7 (8) . This suggests that this reaction may have some role in the early events of phage DNA replication. The alteration of the properties of the enzyme may be a prerequisite for this phenomenon. The results ofthese investigations suggest that the DNA polymerase, when bound to the membrane, may be present in a physically and biochemically different form than it appears in a highly purified state.
